Nucleosomes in active chromatin are dynamic, but whether they have distinct structural conformations 2 is unknown. To identify nucleosomes with alternative structures genome-wide, we used H4S47C-3 anchored cleavage mapping, which revealed that 5% of budding yeast (Saccharomyces cerevisiae) 4 nucleosome positions have asymmetric histone-DNA interactions. These asymmetric interactions are 5 enriched at nucleosome positions that flank promoters. Micrococcal nuclease (MNase) sequence-6 based profiles of asymmetric nucleosome positions revealed a corresponding asymmetry in MNase 7 protection near the dyad axis, suggesting that the loss of DNA contacts around H4S47 is accompanied 8 by protection of the DNA from MNase. Chromatin immunoprecipitation mapping of selected 9 nucleosome remodelers indicated that asymmetric nucleosomes are bound by the RSC chromatin 10 remodeling complex, which is required for maintaining nucleosomes at asymmetric positions. These 11 results imply that the asymmetric nucleosome-RSC complex is a metastable intermediate representing 12
Introduction 1
Nucleosomes, the fundamental units of chromatin, are dynamic structures characterized by 2 spontaneous conformational fluctuations that lead to reversible loss of histone-DNA and histone-3 histone contacts. Every nucleosome in the genome has to disassemble at least once during the cell 4 cycle to allow for passage of the DNA replication machinery (Annunziato 2005) , and nucleosomes at 5 active regions might turn over several times during each cell cycle (Dion et al. 2007 ; Deal et al. 2010) . 6 Intrinsic to nucleosome dynamics is the formation of nucleosomal intermediates with alternative 7 structures. However, the nature of such intermediate nucleosome structures formed in vivo is not 8 known. 9 Intermediate nucleosome structures can potentially be identified in vivo using base-pair resolution 10 methods that interrogate histone-DNA contacts genome-wide. The traditional method for high- alternative nucleosome structures can be probed using this method. In this study, we ask whether 22 alternative nucleosome structures can be found in regions of the yeast genome other than at the 23 centromeres. 24 25 26 27 Cold Spring Harbor Laboratory Press on October 27, 2017 -Published by genome.cshlp.org Downloaded from 6 separated the asymmetric nucleosome positions into two groups based on the direction of asymmetry. 1
For the first group, the peaks at -6 and -1 bp are much higher than the peaks at +1 and +6 bp, that is, 2 the H4S47C cleavages are skewed towards upstream of the dyad axis (Fig. 1E, middle) . For the 3 second group, the peaks at +1 and +6 are much higher than the peaks at -1 and -6, that is, the H4S47C 4 cleavages are skewed towards downstream of the dyad axis (Fig. 1E, bottom) . Thus, the heatmaps of 5 H4S47C cleavage frequencies imply loss of cleavages on one side of the dyad axis for asymmetric 6 nucleosome positions. The asymmetry in H4S47C cleavage frequencies at the 3239 identified positions 7 is significantly higher than at nucleosome positions genome-wide, although much less than at the 16 S5 ). Asymmetric cleavages strictly depend on the H4S47C residue, as no 18 asymmetric cleavages were observed using a wild-type H4 strain (Supplemental Fig. S6 ), which 19 excludes the possibility that they result from phenanothroline-derivatized cysteines on other 20 chromosomal proteins. 21
22

Asymmetric nucleosomes flank promoters 23
To understand why these nucleosomes are asymmetric, we asked if they are enriched at specific 24 genomic loci. We hypothesized that the asymmetry would be a consequence of nucleosome dynamics, 25 because asymmetric cleavages represent loss of H4-DNA contacts on one side of the dyad axis. 26 Hence, we compared enrichment of asymmetric nucleosome positions at promoters, genic positions 27 7 and positions outside of genes and promoters (Fig. 2) . Genic nucleosome positions are numbered +1, 1 +2, and so on based on their position relative to the transcription start site (TSS). If a nucleosome 2 position is found at a promoter, it is numbered 0 and the position upstream of the promoter is numbered 3 -1. We found highly significant enrichment at +1 and significant enrichment at -1 positions compared to 4 other genic and non-genic nucleosome positions. This enrichment of ±1 asymmetric nucleosome 5 positions was observed for asymmetric nucleosomes identified in each of the individual replicates 6 (Supplemental Fig. S7 ), indicating a reproducible phenomenon. We observed asymmetry on both sides 7 of the dyad axis relative to the TSS (Supplemental Fig. S8 protected fragments, we were able to select shorter fragments (73 ± 20 bp) to map putative 26 nucleosomal intermediates, plotting their distribution around the nucleosomal dyad axis. We oriented 27 nucleosome positions so that the side with the higher H4S47C cleavage frequency would be 1 downstream of the dyad axis. In this orientation, if the lower H4S47C cleavage frequency upstream of 2 the dyad axis is due to the absence of H4 on that side, we would observe decreased MNase-seq 3 protection on the upstream side. However, we observed equivalent protection on both sides of the dyad 4 axis, with a prominent dip in MNase protection centered over the dyad axis, indicating increased 5
MNase accessibility at the dyad axis (Fig. 3A) . Furthermore, MNase protection fits a bimodal Gaussian 6 distribution, with mean fragment centers at -37 and +33 bp relative to the dyad axis and mean fragment 7 length of 73 bp, indicating the presence of half-nucleosomes on both sides of the dyad axis (Fig. 3B) . 8 Footprinting of particles that closely correspond to two halves of the nucleosome suggests splitting of 9 the nucleosome at the H3-H3' interface and excludes the possibility that asymmetric H4S47C 10 cleavages are caused by hemisomes. 11
12
Asymmetric nucleosomes are asymmetrically accessible to MNase 13 To further characterize asymmetric nucleosomes, we pooled several yeast MNase-seq datasets, for a 14 total of ~500 million paired-end fragments of lengths between 25 bp and 500 bp, to probe the relative 15
MNase accessibility of nucleosomal DNA. By plotting the MNase cut density relative to the +1 dyad 16 axis, we determined that the overall frequency of MNase cut sites gradually increased going from the 17 dyad axis towards the entry/exit positions of the nucleosome (-73 bp and +73 bp relative to the dyad 18 axis) (Supplemental Fig. S10 ). We also observed that peaks in the MNase cutting frequency showed a 19 striking 10-bp periodicity (Supplemental Fig. S10 ), which reflects exposure of DNA to MNase at the 20 surface of the nucleosome every 10 bp. We also observed that preferred MNase cut sites internal to the 21 nucleosome map at ±5 bp relative to the dyad axis (Fig. 3C, top) . Thus, at high sequencing depth, 22
MNase cut site frequencies map the relative accessibility of nucleosomal DNA in vivo. This method of 23 probing structure from outside the nucleosome is independent of H4S47C-anchored cleavage mapping, 24 which probes structure from inside the nucleosome. 25 We next asked if accessibility to MNase digestion is altered at asymmetric +1 nucleosomes. We 26 oriented asymmetric +1 nucleosome positions in the direction of transcription. Asymmetric nucleosome 27 positions were split into two groups: those with a lower frequency of H4S47C cleavages upstream of 1 the dyad axis (Fig. 3C , middle) and vice versa (Fig. 3C , bottom). For positions with fewer H4S47C 2 cleavages upstream of the dyad axis, MNase cut sites upstream of the dyad axis (at dyad axis -5 bp) 3 disappeared (Fig. 3C , middle). For positions with fewer H4S47C cleavages downstream of the dyad 4 axis, MNase cut sites downstream of the dyad axis (at dyad axis + 5 bp) disappeared (Fig. 3C, bottom) . 5
In other words, asymmetric nucleosome positions become less MNase accessible on the side of the 6 dyad axis that has fewer H4S47C cleavages. Thus, the process that causes loss of H4-DNA contacts 7 on one side of the dyad axis protects the DNA on that side from MNase cutting. 8 9
RSC is enriched over asymmetric nucleosome positions 10
Partial protection of nucleosomal DNA from MNase digestion suggests that a protein or complex is 11 bound to the outside of the nucleosome. To also reduce H4S47C cleavage on the MNase-protected 12 side of the dyad axis, the bound protein or complex must distort the nucleosome structure so that some 13 histone-DNA contacts are lost while others are maintained. Likely candidates for causing both loss of 14 H4-DNA contacts and protection of DNA at asymmetric nucleosomes are SWI/SNF family chromatin 15 remodelers, which bind nucleosomes and alter histone-DNA contacts (Narlikar et al. 2013 ). To identify 16 remodelers that might be enriched over +1 and -1 nucleosome positions, we performed native ChIP-17 seq of Ino80, Swr1 and Sth1. We also examined our published ChIP-seq data for Chd1, Isw1, Isw2 18 ), using TATA-binding protein (Spt15) and the SWI/SNF family Spt15 regulator 19
Mot1 (Zentner and Henikoff 2013) as negative controls. We observed that only RSC was enriched over 20 asymmetric ±1 nucleosome positions relative to the input, whereas other SWI/SNF family proteins and 21
Spt15 were depleted over these nucleosome positions (Fig. 4A, Table S4 ). 22 RSC is an essential remodeling complex (Cairns et al. 1996) resulted in an overall reduction in nucleosome occupancy at asymmetric positions (Fig. 4E,  21 Supplemental Fig. S12 ), which strongly argues that direct action of RSC on the nucleosome causes it 22 to be asymmetric. (Fig. 5A, B) . 24
Most of the asymmetric ±1 nucleosome positions are enriched for H2A.Z containing nucleosomes ( that is capable of distorting the nucleosome structure at a specific location while at the same time 7 restricting access of MNase to nucleosomal DNA (Fig. 6) . In support of this model, we found that Our results suggest that the half-nucleosome footprints at active loci in yeast are due to RSC action at 13 these nucleosome positions, suggesting a possible mechanism for nucleosome splitting. 14 The core ATPase subunits of SWI/SNF family remodelers are conserved between yeast and 15 metazoans. However the addition of a large number of metazoan-specific subunits results in the 16 formation of several distinct remodeling complexes, complicating the study of chromatin remodeling in 17 metazoans. In contrast, the substrate of the remodelers, the nucleosome, is universal and highly 18 conserved. Thus, identifying alternative nucleosome structural intermediates provides a feasible way to 19 understand chromatin remodeling in all eukaryotes. 20 21
Methods
23
ChIP 24
All strains used in this study are listed in Supplemental Table S5 . The Sth1-3FLAG strain (GZY9) and 25
Swr1-3FLAG strain (GZY33) were generated using p3FLAG-KanMX as described (Gelbart et al. 2001 ). 26
The Ino80-3FLAG strain (YTT1728) and Htz1-3FLAG strain (YTT3249) were a gift from Toshi 27 Tsukiyama. Yeast were grown in YPD to an OD 600 of 0.6-0.8. Nuclear isolation, MNase digestion, and 1 chromatin preparation were performed as described ). Native ChIP was performed 2 using FLAG M2 magnetic beads (Sigma) in all cases except for H2A.Z, for which Anti-FLAG magnetic 3 beads (Lake Pharma) were used. Native ChIP-seq was performed as described (Zentner et +5. Based on the left-right probability distribution plot, we calculated the adjusted probabilities at -2 and 24 +5 by averaging over adjacent positions with high probability and subtracting out the probabilities of 25 background positions. After calculating the adjusted probabilities at -2 and +5, we ordered the -2 and 26 +5 probabilities independently using Z-scores. We identified asymmetric nucleosomes as those that 27 had a +5 Z-score greater than -1 (to pick positions with a good signal to noise ratio) and where the +5 1 Z-score was greater than the -2 Z-score by at least 2.5 (to pick positions with asymmetry). The 2 nucleosome positions in Figure 1E (middle and bottom) were ordered based on their degree of 3 asymmetry, which was calculated as: 4 5 where "Left" and "Right" each refer to normalized frequency of left and right fragment ends at a given 6 position (using the + strand as reference), and the subscript refers to the position relative to the 7 nucleosome dyad axis. The specific positions were chosen based on the directional nature of H4S47C 8 cleavages (Supplemental Fig. S1B ). This degree of asymmetry is plotted for different groups of 9 nucleosome positions in Supplemental Figure S3 . 
MNase-seq analysis 19
To map sub-nucleosomal footprints, we used our published MNase-seq data (GEO Accession: 20 GSM754390). We computationally selected fragments of length 73±20 and calculated the average 21 distribution of fragment centers around the nucleosome dyad axis of asymmetric nucleosomes. 22
For plotting the frequencies of MNase cuts, we combined published and new MNase-seq datasets, 23 which are detailed in Supplemental Table S6 . 
NET-seq Data 26
A previously published NET-seq dataset (Churchman and Weissman 2011) was used for analysis of 1 RNAPII stalling in wild-type yeast (GEO accession: GSM617027). Well-expressed genes were picked 2 as those with an average of 4 reads/bp in the first 500 bp of an mRNA transcript. Stall density plotted 3 here is identical to the "Mean Pause Density" defined in the original study. 4 5
Data Access 6
The ChIP-seq and MNase-seq datasets generated in this study have been submitted to the NCBI Gene 7
Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/) under accession number GSE59523. interactions. RSC binds to the nucleosome and distorts histone-DNA contacts on one side. 5
